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0^ . This talk reviews some of the hot topics in spin physics and related subjects, including 

perturbative QCD predictions for polarized parton distributions and their possible 
behaviours at small x, the Bjorken and singlet sum rules and the treatment of higher 
orders in perturbative QCD, different interpretations of the EMC spin effect including 
^ | , chiral solitons and the axial U(l) anomaly, other experimental indications for the 

presence of strange quarks in the nucleon wave function, implications for dark matter 
physics, and a few words about polarization as a tool in electroweak physics. 

Jo ■ 1 Introduction and Outline 

O 

Most of the talks at this meeting are concerned with spin phenomena in the 
strong interactions, and this emphasis is reflected in my talk, though I do have some 
words to say at the end about polarization in the electroweak interactions. Within 
QCD, we have a firm basis for understanding polarization effects in perturbative 
QCD, whereas it is a puzzle at the non-perturbative level which is linked to many 



fundamental issues in the theory. Among the non-perturbative phenomena that 
may be illuminated by polarization experiments are chiral symmetry breaking and 



the axial U(l) anomaly. A bridge towards these non-perturbative effects may be 
provided by studies of higher orders in QCD perturbation theory. For example, 
^ renormalons may guide us in the identification of higher-twist and condensation 

phenomena in QCD. Spin physics is also linked to other interesting phenomena in 
particle physics, such as the question whether the proton wave function contains 
many strange quarks, which would have implications for the possible violations of 
the Okubo-Zweig-Iizuka (OZI) rule seen in recent experiments using the LEAR 
ring at CERN. Spin physics is also relevant to astrophysics and cosmology, since 
the couplings of dark matter particles, such as neutralinos and axions, to ordinary 
baryonic matter involves the same axial-current matrix elements that are measured 
in polarized-lepton-nucleon scattering experiments. 

The theoretical interest of these experiments is mirrored by the intense experi- 
mental activity at many accelerator centres: CERN, SLAC, DESY, BNL, the Jeffer- 
son National Accelerator Facility formerly known as CEBAF, etc.. In this talk I will 
try to bring out the puzzles found by experimentalists to tease their theoretical col- 
leagues, as well as the questions raised by theory that require further experimental 
elucidation. Spin physics is in a very active and exciting phase! 

The outline of my talk is as follows: I first review our understanding of polarized 
partons in perturbative QCD, and flag their behaviour at small X clS 8b theoretical 
issue in NNLO perturbative QCD that could be clarified by data at HERA with a 



polarized proton beam. Then I discuss the evaluation of QCD sum rules for polarized 
structure functions, addressing the issues of the Q 2 -dependence of the polarization 
asymmetry, where deep-inelastic z/-nucleon collisions could cast some light, and the 
resummation of higher orders in QCD perturbation theory, which may be tackled 
using Pade approximants. Next, I emphasize that the interpretation of the EMC 
spin effect is an open issue in non-perturbative QCD, with chiral solitons and non- 
perturbative {7a (1) dynamics as competing explanations that require experiments 
to distinguish them. Here HERMES, COMPASS, polarized RHIC and polarized 
HERA may be able to contribute via determinations of the gluon polarization AC 
On the other hand, experiments on the "violation" of the OZI rule and final-state 
measurements in deep-inelastic lepton scattering may cast some light on the possi- 
ble existence and polarization of strange quarks and antiquarks in the nucleon wave 
function. Finally, after advertizing the connection between polarization experiments 
and searches for non-baryonic dark matter, I close with praise for the role played 
by spin physics in the electroweak sector, including precision measurements at the 
Z° peak at both LEP and the SLC that suggest a mass range for the Higgs boson 
within reach of forthcoming experiments at LEP 2 or at the LHC. 

2 Polarized Partons in Perturbative QCD 

Since I am the first speaker at this meeting, it seems that I must introduce the 
two polarized structure functions Gi )2 (^, Q 2 ) that form the basis [1] for many of the 
discussions in this talk and during the meeting: 

d 2 rr n d 2 a^ Aircy 2 r i 

In the Bjorken scaling limit Q 2 — > oo,x = Q 2 j c lm^v fixed, according to the naive 
parton model: 

m 2 N vG x v, Q 2 -> gi(x), m N v 2 G 2 {v, Q 2 ) -> g 2 (x) (2) 

The dominant gi(x) structure function is related in the naive parton model to po- 
larized quark distributions: 
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whereas the unpolarized structure function F 2 (x) is given by: 



F 2{x) = Yl e l x [Ql( x ) + Ql( x ) + Ql( x ) + 91 
q 



(4) 



Polarized lepton-nucleon scattering experiments actually measure directly the polar- 
ization asymmetry A 1 related to the virtual-photon absorption cross sections <7i/2,3/2 : 

1 ~ <J i + <T| ~" Eg e 2 , [g T (x) + ^(x) + ...] 

I will not address here the interesting issues related to the transverse asymmetry 
A 2 , but move straight on to discuss the perturbative evolution of the polarized 
structure functions. 

As Q 2 increases, the standard GLAP perturbative evolution equations [2] take 
the form 
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where t = ln(<5 2 /A 2 ), the Ci(x/y,a s (t)) are coefficient functions, AE(y,i) is the 
singlet combination of the Aq(y,t), and Aq NS (y,t) is a non-singlet combination. 
The polarized parton distributions obey coupled integro-differential equations of 
the form 



d_ ( £E(y,t) \ a,(t) dy ( P q s q 2N f P qq \ ( AS \ 
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where the Pij(x/y, a s (t)) are polarized splitting functions. At leading order in a s (t), 
C q = l,C g — 0,Pij = 0(1) [3]. Recently, thanks to heroic efforts by local industry 
in particular [4], we now know the NLO corrections S(C,P) = 0(a s /n). The exact 
way in which these NLO corrections are divided up between the polarized quark and 
gluon distributions is renormalization-scheme dependent, as we shall review later. 
There is much discussion at this meeting of NLO QCD fits fits to polarized structure 
function data: one state-of-the-art fit [5] is shown in Fig. 1. 

One area where further guidance should be sought from perturbative QCD, as 
well as information from experiment, is the low-x region. Before perturbative QCD 
came on the scene, the only guidance came from Regge theory [6], which suggested 
that 



(9) 




Figure 1: One state-of-the-art NLO perturbative QCD fit to polarized structure 
function data, including lines showing the behaviours at two fixed values of Q 2 , and 
at the x-dependent values appropriate to different experiments [5]. 



where the intercept a of the relevant axial-vector meson trajectory was guessed to 
lie in the range > a > —0.5. Data on the effective Pomeron intercept from HERA 
suggest that this might be appropriate for Q 2 < 1 GeV 2 , but that perturbative 
QCD plays an essential role at higher Q 2 . Standard resummation of the GLAP Q 2 
logarithms T ln ^ m a s (t) n (\nQ 2 ) m suggests [7] that 

(tn^J <<g p { n (x) <<x~ q (fO) 

for any positive p, q. However, a BFKL-inspired resummation of 1/x logarithms 

^n,m&s{to) n {lnl/x) m at fixed Ql suggests [8] that 

9l (x,Q 2 ) NS {^\ 9l {x,Q 2 ) s ^x-^ (ff) 

where we see that the singlet combination of structure functions dominates the 
non-singlet at small x. BFKL behaviour is not required by the unpolarized HERA 
data [9] , and singlet dominance is not indicated by the SMC polarized data [5] at the 
lowest available x. There is some discussion here of preliminary data from the SLAC 
Ef54 experiment, which can be fit by a power law: ~ x~ ' 8 for 0.02 < x < 0.1, 
but these data are at Q 2 too low, and x too high, for equation (11) to be applicable. 

It has been shown that the resummation of the leading higher-order corrections is 
important for the singlet combination of polarized structure functions, which is very 
sensitive to their treatment [10]. This is still an important source of systematic error, 



which could only be reduced significantly by tough theoretical calculations (NNLO, 
singular terms at higher orders), and/or by measurements at polarized HERA [11].. 

3 Sum Rules 

Defining the integrals P^'™ = Jq g\' n , one has at the parton level the Bjorken [12] 
sum rule 

Y\-Y n 1 = \g A = Au — Ad (12) 
o 

whereas one can derive sum rules for the individual integrals 

r — (4^ + ^) + 5 AE < 13 » 

where a 8 = (Au + Ad — 2As)/v / 3, only if one assumes that As = [13], implying 
for example that 

T?~0.19 (14) 

The justification for this assumption was never very strong: to paraphrase Ref. [13], 
"probably there are no strange quarks in the proton wave function, and if there are, 
surely they are not polarized". 

The sum rules (12) and (13) acquire significant subasymptotic corrections in 
perturbative QCD [14]: 
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where the highest-order terms are estimates [15], leading, for example, to the pre- 
diction that, if As = 0, F{ ~ 0.17 at a Q 2 typical of the EMC experiment [16]. 
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Figure 2: A compilation [5] of measurements of the integrals Y\' d {Q 2 ), showing 
significant disagreement with the singlet sum rule predictions [13]. 



Sometimes there is still discussion of testing the Bjorken sum rule. This is an 
absolutely fundamental prediction of QCD that has (in my opinion) by now been 
tested successfully: for me, the issue is now to use the subasymptotic corrections in 
the Bjorken sum rule (15a) to determine a s (Q 2 ) [17,18]. Using the subasymptotic 
corrections in (15b), one may check whether As = 0, or measure its value. A non- 
zero value is no "crisis" for perturbative QCD, just a surprise for overly naive models 
of non-perturbative QCD matrix elements. 

One of the issues to be confronted in testing these sum rules is that the data are 
not all taken at the same Q 2 , and some interpolation/extrapolation is necessary to 
evaluate rf' ra (Q 2 ). Experimentally, this is usually done by assuming that Ax or g\/F\ 
is independent of Q 2 , which seems empirically to be true [5] within the errors for 
Q 2 > 1 GeV 2 . Theoretically, there is no reason why this should be true [7] , although 
substantial deviations are not expected for x ^ 0.1. For larger x, the form of the 
expected scaling violations is identical to NLO to those in xF^vN), and it may be 
possible to use deep-inelastic vN data to give hints how to interpolate/extrapolate 
polarized £N data where these are incomplete. 

The experimental determinations of the rf' are compiled in Fig. 2: things look 
grim for the singlet sum rules, but let us first discuss quantitatively the Bjorken sum 
rule. 

It is apparent from (15) that one of the issues that must be addressed is the 
treatment of higher orders of QCD perturbation theory [18]. A generic QCD per- 
turbation series is expected to be asymptotic: 



a 



S(x) = °nX n : x = — , c„ ~ nIKV (16) 



n=0 11 



corresponding to the presence of one or more renormalon singularities. Confronted 
with an asymptotic series, one normally calculates it up to the "optimal" order 
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Figure 3: The errors in Pade approximant predictions for the perturbative ex- 
pansion coefficients for the QCD vacuum polarization D function in the large-TV/ 
approximation, compared with theoretical error estimates (18,20) [1]. 



n opt = n : A n (x) = \c n x n \ is minimized, and then stops, quoting A nopt as an error 
estimate. Looking at the series in (15), it seems that we have not yet reached n pt 
for a s /n ^ 1. Is there some way of estimating the next terms in the series, and of 
resumming the series so as to minimize the estimated error? 
One approach is to use Pade approximants: 



= a -ruix -r ■ ■ .u N * . =s + 

1 + b\x + . . . b M x M 

which are known to give good estimates in other applications [19], and have been 
proven to converge if e n = (c„c n+ 2/c^ +1 ) — 1 ~ 0(l/n), which is known to be the 
case for series dominated by a finite number of renormalon poles [18]. We then 
predict that 



en\5 [M/M] \ ~ -M[l + £n(2 + a)} : 5 [N/M] = ° N+M+1 ° N+M+1 (18) 

CN+M+l 

where a is some number. This prediction is verified [1] for the QCD vacuum po- 
larization evaluated in the limit Nf — > oo, as seen in Fig. 3. Applied to the first 
three terms in (15a), the [1/2] and [2/1] Pade approximants yield [18] the estimate 
c 4 ~ — 112 ± 33, to be quoted with the effective charge estimate c 4 ~ —130. 

As seen in Fig. 3, the convergence of the Pade approximants is even better [18,19] 
when one makes a Borel transform of the perturbative QCD series: 
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Figure 4: The renormalization scale dependence of the Bjorken sum rule is greatly 
reduced by the use of Pade approximants [18]. 
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This is because e n = (c n c n+2 /c^ +1 ) — 1 ~ l/n 2 , implying that 
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as seen [1] in the second panel of Fig. 3. Indeed, if the series is dominated by a finite 
set of renormalon poles, the Pade approximants become exact. In the case of the 
series (15a) for the Bjorken sum rule, the [2/1] Pade approximant in the Borel plane 
has a pole at y — 1.05, to be compared with the expected renormalon singularity at 
y = l[17]. 

Further evidence for the reliability of Pade approximants is provided by studies 
of the renormalization scale and scheme dependences of the Pade resummation of the 
perturbative QCD series for the Bjorken sum rule. We recall that the full "sum" is a 
measurable quantity that should be independent of renormalization scale: d/d/j, = 0, 
and similarly of the scheme ambiguity parametrized by c 2 at NLO: d/dc2 = 0. Fig. 4 
shows that the Pade estimate of the sum is much less scale dependent than partial 
sums of the QCD perturbation series [18], and Fig. 5 shows that it also has very 
little renormalization- scheme dependence [20]. 

We have used [20] the data available before this meeting in a numerical analysis 
of the Bjorken sum rule, using Pade approximants to sum the QCD perturbation 
series. We took the data at face value, accepting the experimental estimates of their 
extrapolations to small x, and of the associated systematic errors^. We do not expect 

1 It would be good to improve on the treatment of the extrapolation x — > by combining the 
proton and neutron data bin by bin in x, and using the best available perturbative QCD formalism 
to extrapolate to x = 0. 
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Figure 5: The renormalization scheme dependence of the Bjorken sum rule is also 
greatly reduced by the use of Pade approximants [20]. 

this extrapolation to be very badly behaved for non-singlet combinations of structure 
functions, such as appear in the Bjorken sum rule. Combining the experimental 
numbers, we find 1^ — = 0.160 ± 0.014 at Q 2 = 3 GeV 2 , corresponding to 

a s (M z ) = 0.1171°;°$ ±0-002 (21) 

when using Pade summation [20], where the first error is experimental, and the 
second is a theoretical error associated with the residual renormalization-scheme 
dependence in Fig. 5. This compares well with the world average quoted at the 
Warsaw conference [21]: a s [Mz) = 0.118 ± 0.003, and the consistency implies that 
the Bjorken sum rule is verified at the 10% level, 
x 

We already saw in Fig. 2 that the singlet sum rules do not fare too well. All the 
data are highly consistent if all the perturbative QCD corrections in (15) are taken 
into account [1]: this would not be apparent for the neutron data if one did not 
include all the corrections. A global fit to the data indicates that 

Au = 0.81 ±0.01±, Ad = -0.44 ± 0.01±, 

As = -0.10 ±0.01±, AS = 0.27 ±0.04± (22) 

at Q 2 = 3 GeV 2 . The second ± signs in (22) represent further sources of error, 
including higher twists and the possible Q 2 -dependence of Ai, but principally the 
low- a; extrapolation. As already mentioned, this is very sensitive to the treatment 



of higher-order perturbative QCD terms. Considerably more theoretical and exper- 
imental work is necessary before the second errors in (22) can be reduced to the 
level of the first ones. Nevertheless, it is clear that As ^ and that AS << 1, in 
disagreement with naive quark model estimates. 

4 Interpretations of the EMC Spin Effect 

Chiral Soliton (Skyrmion): CQCD has a large chiral symmetry : qL(R) — > 
L(R)qL(R), which has an SU(Nf) x SU(Nf) x U(1)b group structure that is broken 
spontaneously by non-perturbative vacuum expectation values < 0\qL<iR + h.c.\0 > 
that couple the left (L) and right (R) helicities [22]. We discuss later the fate of the 
axial U(l) factor: it is broken by an amount 0(1/N C ). This spontaneous symmetry 
breakdown is accompanied by the appearance of an octet of light pseudo-Goldstone 
bosons 7r ± '°, K ±,0 '°, i] 8 , but not the singlet i] Q that disappears along with the axial 
U(l) current: it decouples as N c — > oo. There is a simple effective Lagrangian [22] 
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that describes their dynamics at energies E « Aq C d or distances R » I/A-qcd 
in the limit that m Ut d, s << ^qcd- This Lagrangian (22) has classical soliton (lump) 
solutions U(x) [23] that are labelled by the group 7i 3 (SU(Nf)) = Z, where the 
integers count the baryon number B that may be represented by 



B = 2lb e%3k I d ^ Tr i d * UU]d i UU]d k UU] ) ( 24 ) 

The lowest-lying state has B — 1 and may always be quantized as a fermion. 

Axial-current matrix elements in this model are given via PCAC by generalized 
Goldberger-Treiman relations to the couplings of the corresponding light mesons 
tt^' , K ±,0 '°, rjs. There is no singlet axial-current coupling because there is no singlet 
meson 770 in the Lagrangian: the soliton is a "lump" of octet fields, and the r]o 
decouples in the large- -/V c limit, in which [24] 



AS = Au + Ad + As = 0, (25) 

and there is also no way to obtain AG 7^ 0. 

In the chiral soliton model, the nucleon spin arises [24] from the quantization of 
the classical "lump", and is interpreted as due to a coherent rotation of the cloud 
of 7i, K and i] 8 mesons : L z — \. In the quark language, the baryons are viewed 
as coherent states of a very large number of light, relativistic quarks. In the real 
world with N c = 3 and m u ^ s 7^ 0, we do not expect (25) to be exact, but it 



might be accurate at the 0(1/N C ) ~ 30% level, as indicated by the experimental 
determination (22). 

Alternative approaches are based on the axial U(l) anomaly, which contributes 
[25] to the perturbative evolution of the polarized parton distributions at NLO: 

< Plffvrsgb >= 2 ^ ( A <? LO - ^ agL °) ( 26 ) 

As already mentioned, there is some freedom of renormalization-scheme choice at 
NLO, and the MS option is simply to absorb the AG LO correction in (26) into 
the definition of Aq at NLO: Aq = Aq LO — ^AG L °. Alternatively, one may keep 
the AG LO correction separate: Aq, G LO = Aq, G, in which case AE = Am + Ad + 
As — ^-AG. One can then hope to save the original assumption that As = by 
postulating that the apparent non-zero value of As in (22) is in fact due to the 
AG correction, and that Am + Ad + As is correctly predicted by the naive non- 
relativistic quark model, with the small observed value of AS also due to the AG 
correction. This would require a rather large positive value of AG, which would 
need to be compensated by a correspondingly large negative value of L z . Note that 
this axial-anomaly interpretation [25] does not predict the measured values of As 
and AG without an extra dynamical assumption Q. 

The first attempt to measure AG directly was in a Fermilab experiment [27] 
looking for a particle-production asymmetry in polarized pp collisions. Their mea- 
surements indicate that AG may even be negative f\, though they are not very 
conclusive, because of the statistical and systematic limitations of the experiment. 
There have recently been several attempts [29] to extract AG indirectly from scaling 
violations in polarized structure functions. These hint that AG > 0, and are mostly 
consistent with AG = 0(1). However, the numerical value is still unknown: uncer- 
tainties are still large, and do not yet permit even an unambiguous measurement of 
the sign of AG. This is the task entrusted to new experiments such as HERMES, 
COMPASS, polarized RHIC and polarized HERA. 

5 "Breaking" the Okubo-Zweig-Iizuka Rule 

According to this rule [30], one should draw diagrams with connected quark 
lines, and disconnected diagrams require gluon exchanges and should be suppressed. 
The only "breaking" of the rule for and f 2 meson production is blamed on the 
small uu + dd components in their wave functions. The rule works well for mesons, 
but there is no good evidence that it works well for baryons. For example, if one 
estimates the 7r-nucleon a term T, nN = \{m u + m^) < p\{uu + dd)\p > using the 
Gell-Mann-Okubo mass formula and the dynamical assumption that < p|ss|p >= 0, 

2 For an alternative non-perturbative axial U(l) approach, see Ref. [26]. 
3 Some model calculations [28] have also found AG < 0. 



one finds £ ~ 25 MeV, to be compared with the value £ ~ 45 MeV inferred 
from experiment [31]. This corresponds to 



< p\ss\p > , , 

< p\ [uu + da + ss) \p > 

Likewise, the polarized structure function data (22) indicate that < p\ s^f^^s \p >^ 0, 
as do data [32] on elastic up — > up scattering 

Confirming earlier suggestions [33], recent data from experiments at LEAR find 
large apparent violations of the OZI rule in pN annihilation at rest Q The production 
ratios <j)X/wX for X = 7r ±,0 ,7r7r and 7 all exceed the OZI predictions, in some 
cases by as much as a factor of 100! Moreover, there are indications that this OZI 
violation is spin-dependent, since it is large in S- wave annihilations, but not in 
P-wave annihilations, as seen in Fig. 6. 

One interpretation [33,36] of these data is that they are due to OZI evasion, 
rather than breaking. If the proton wave function contains ss pairs, there are ad- 
ditional connected quark-line diagrams that can be drawn, giving enhanced pro- 
duction. Such an ss component may also explain the backward peak seen in the 
pp — > K~K + reaction. Detailed models [36] agree qualitatively with the pattern of 
OZI "breaking" seen in the LEAR experiments. Other interpretations of the ap- 
parent OZI "breaking" include rescattering by intermediate K and K* states, but 
this is subject to systematic cancellations and does not seem to explain the initial- 
state dependence that has been seen. There is also no trace of an exotic resonance 
postulated in another interpretation of early data on OZI "breaking" . 

The proposition that the proton wave function contains ss pairs, and that they 
are polarized, can be tested by looking for A polarization in the target fragmentation 
region of deep-inelastic u, e or fiN scattering [37]. The idea is that the u or polarized 
e, (i selects preferentially one parton polarization in the proton wave functions, e.g., 
a u . The proton remnant should remember the polarization of the struck parton, 
and in particular one might expect negative s polarization: \p >3 w^(ss)j + . . .. 
Memory of this s polarization may well be transferred with a dilution factor D to 
any A in the current fragmentation: — » Aj_. Such A polarization was indeed seen 
in the WA59 uN experiment [38]: for 0.2 < x < 1, P\ — — 0.85±0.19 to be compared 
with a postdiction Pa = — 0.94P, indicating that D = 0.9 ± 0.2. This model can 
be used to make predictions for polarized e(p)N scattering: Pa = 0.7P M P, which 
should be observable in the HERMES and COMPASS experiments. 

It would be interesting to know whether polarized-gluon models have anything 
to say about OZI "breaking" or A polarization experiments. 



4 Charm production in deep- inelastic vN scattering also indicates the need for an ss component 
in the proton wave function, though perhaps only at large Q 2 . 

5 Dispersion-relation analyses [34] of nucleon form factors are also consistent with a large (f>pp 
coupling. 




Figure 6: The production [35] in pN annihilation (a) depends on the way in which 
the initial state is prepared, corresponding (b) to a large enhancement of production 
in the S'-wave annihilations favoured at NTP. It also depends (c) on the final-state 
particle with which the is produced, and (d) on the momentum transfer. These 
are all features that models [36] need to explain. 



6 Spin-off for Dark Matter Particles 



Polarization experiments are relevant to astrophysics and cosmology, as we now 
discuss. One of the favoured candidates for cold dark matter is the lightest neutralino 
X, which has spin-dependent couplings with nucleons that would be responsible for 
its capture by the Sun (which could be detected by high-energy solar neutrinos 
produced by XX annihilation), and would contribute to elastic x scattering off nuclei 
in the laboratory (which could be used to detect dark- matter x particles directly). 
The spin-dependent matrix element M contributing to <j(xP ~ * XP) is related to 
axial-current matrix elements [39]. In particular, if the x particle is approximately 
a photino 



M~^e 2 A<? (28) 
<? 

which is exactly the linear combination measured in polarized deep-inelastic (e, n)p 
scattering experiments: have EMC et al. been measuring elastic XP scattering? 

Another popular cold dark matter candidate is the axion, a very light pseu- 
doscalar boson: 



m a oc ml/ f a , g aff oc m f /f a , g a ^ oc l/f a (29) 

where f a is a decay constant analogous to /„-, which was postulated to ensure CP 
conservation in the strong interactions. Accelerator experiments tell us that / a ~ 1 
TeV, and coherent axion waves could contribute a significant fraction of the mass 
density of the Universe if f a ~ 10 11 to 10 12 GeV. There are many astrophysical 
bounds on f a which depend on the axion- nucleon couplings C ap , an - These are related 
by generalized Goldberger-Treiman relations to axial-current matrix elements [40]: 



C ap = 2(-2.76Au- 1.13Ad + 0.89As) -cos2/3(Au- Ad- As) 

C an = 2(-2.76Ad- 1.13Aw + 0.89As) -cos2/3(Ad- Au- As) (30) 

where cos 2(3 is related to an unknown ratio of Higgs v.e.v.'s. Using (29), one can 
determine the supernova axion emission rate, which is oc C^ n + 0.8(C an + Ca P ) 2 + C^ p , 
as seen in Fig. 7. The determinations (21) of the Aq determine [17] the C a p, an with 
errors that are smaller than many other astrophysical uncertainties, such as the 
equation of state inside a supernova core. Reconciling the axion emission rate with 
observations of neutrinos emitted by supernova SN1987a is possible only if f a ^ 10 10 
GeV [40]. This is a second example of the importance of polarization experiments 
for astrophysics and cosmology. 
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Figure 7: The axion emission rate from a supernova core is roughly proportional to 
the scale on the vertical axis. Determinations of the Aq now constrain it with the 
uncertainty indicated by the dot-dashed curves [17], which is considerably smaller 
than other uncertainties associated with modelling the nuclear equation of state. 

7 Polarization in Electroweak Physics 

Although most of this meeting is concerned with spin phenomena in the strong 
interactions, I cannot resist saluting briefly the importance of polarization in elec- 
troweak physics. Transverse beam polarization has been an invaluable tool for 
calibrating the LEP beam energy and hence measuring accurately the Z° mass. One 
of the most precise determinations of the electroweak mixing parameter sin 2 6\y is 
the left-right production asymmetry measured using longitudinal beam polar- 
ization at the SLC [41]. Other important measurements of sin 2 ^ are made using 
r polarization measurements. Precision electroweak measurements enabled the 
top quark mass to be predicted on the basis of radiative corrections. They are now 
able to predict [42] the Higgs boson mass with a factor of 2 error: 



M H = 145i^ 4 GeV (31) 

as seen in Fig. 8. Perhaps future electroweak polarization measurements will enable 
us to refine further this prediction. If this prediction is confirmed by observation of 
the Higgs boson, electroweak polarization will indeed have realized its rosy prospects! 
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Figure 8: The 1- and 2— a predictions [42] for Mh, mt based on precision electroweak 
data, confronted with the LEP lower limit and the ranges predicted if the Standard 
Model is assumed to remain valid up to different cutoff scales A. 
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